Main Outcome and Exposure Measures: Cardiometabolic disturbances (metabolic syndrome and its components, insulin resistance, diabetes, and chronic inflammation) and AMH were obtained from trained staff and nurses in a mobile examination center or during in-home visits.
has been consistently associated with increased risks of type 2 diabetes, cardiovascular disease, and all-cause mortality [29] .
Although biologically plausible, evidence linking serum AMH level to obesity-related cardiometabolic disturbances remains unsettled among men. In fact, AMH is considered a biomarker for male fertility through spermatogenesis [30] . Few studies have suggested a detrimental effect of obesity on various indicators of male fertility, including semen parameters (sperm concentration, total count, morphology, and motility), as well as hormonal biomarkers such as testosterone and SHBG [30] [31] [32] . Although circulating AMH is known to decline with age among men, recent studies have associated serum AMH level with alternative functions besides gonadal development, including the cardiovascular system [6, 33] . In fact, AMHR2 was shown to be expressed in the cardiovascular system [6, 34] , and high serum AMH levels have been linked to reduced risk of cardiovascular disease among elderly men [6, 10] . Thus, serum AMH level may be a useful screening tool that can predict cardiometabolic disturbances among obese and nonobese men.
The purpose of this study was to examine the relationships between serum AMH levels and specific cardiometabolic disturbances among adult US men who participated in the 1999 to 2004 National Health and Nutrition Examination Survey (NHANES). We hypothesized an inverse relationship between serum AMH levels and prevalence of cardiometabolic disturbances irrespective of weight status.
Materials and Methods

A. Database
NHANES is a series of nationally representative surveys conducted by the National Center for Health Statistics to assess the health and nutritional status of the noninstitutionalized US population. Demographic, socioeconomic, and health data were collected by trained staff and nurses in a mobile examination center (MEC) or during in-home visits. Anthropometric, physiological, and laboratory measurements were collected for all or, in some cases, a subgroup of study participants. Informed consent was obtained for all participants, and the institutional review board of the National Center for Health Statistics approved all protocols for the NHANES [35] . NHANES became a continuous surveillance system in 1999. For these analyses, we combined the 1999 to 2000, 2001 to 2002, and 2003 to 2004 NHANES datasets in which serum AMH level was assessed and subsequently applied a series of selection criteria to fulfill the study purpose.
B. Study Sample
The source population consisted of 31,126 1999 to 2004 NHANES participants (9965 from the 1999 to 2000 wave, 11 ,039 from the 2001 to 2002 wave, and 10,122 from the 2003 to 2004 wave). Of those, a total of 8091 were considered study eligible after exclusion of females (n 5 15,942) and participants ,18 years of age (n 5 14,065). An additional 7028 participants were excluded for missing data on serum AMH levels, resulting in a final analytic sample ranging from 517 to 1,063 depending on the cardiometabolic outcome of interest. A CONSORT diagram reflecting the sample selection criteria is shown in Fig. 1 . When comparing study-eligible men $18 years of age (sample 1) to those study analyzed with sample sizes ranging between 1063 (sample 2) and 517 (sample 3), no statistically significant differences in most basic sociodemographic, lifestyle, or health characteristics (age, race, education, marital status, poverty-income ratio, smoking status, and weight status) were observed, with noteworthy differences in alcohol consumption between sample 1 and sample 3 only [36] .
C. Exposure
Using surplus specimens, the NHANES 1999 to 2000, 2001 to 2002, and 2003 to 2004 collected data on serum AMH level (nanograms per milliliter), which were analyzed using the doi: 10.1210/js.2018-00414 | Journal of the Endocrine Society | 923 Beckman Coulter AMH Gen II ELISA (Beckman Coulter, Brea, CA), an assay applied clinically in Europe and for research purposes in the United States, with previously reported intra-and interplate reproducibility [37] . We operationalized serum AMH as a continuous measure as well as a categorical measure with cutoffs based on the interquartile range as low (,3.6), medium (3.6 to ,11.5), and high ($11.5).
D. Outcomes
Weight, height, WC, systolic blood pressure (SBP), and diastolic blood pressure (DBP) measurements were collected for all MEC participants during physical examination. Laboratory measurements were performed in subsamples of MEC participants. These included blood lipids (HDL-C and TGs), diabetes profile (glucose, insulin, and glycated Hb [HbA 1c ]), and CRP. Glucose, insulin, HDL-C, and TG levels were obtained on a subsample of MEC participants after an overnight fast. Self-reported treatments for hypertension, dyslipidemia, or hyperglycemia were obtained through questionnaire data.
The primary outcomes of interest were MetS components, MetS, insulin resistance, diabetes, and chronic inflammation. MetS was defined according to the updated National Cholesterol Education Program Adult Treatment Panel III criteria (2005 revision) as follows [38] : (i) elevated blood pressure ($130/85 mm Hg) or treatment of hypertension; (ii) increased WC (.40 inches); (iii) elevated fasting glucose (FG) levels ($100 mg/dL) or treatment of hyperglycemia; (iv) reduced HDL-C level (,50 mg/dL) or treatment of dyslipidemia; and (v) elevated TG levels ($150 mg/dL) or treatment of dyslipidemia. Each of these MetS criteria was considered as a metabolic disturbance, and MetS was among men who satisfied at least three of those five criteria [38, 39] . Insulin resistance was assessed using the HOMA-IR, which was calculated from fasting levels of insulin and glucose, using the formula [fasting serum insulin (mU/mL) 3 fasting plasma glucose (mmol/L)/22.5], analyzed as a continuous variable and further categorized based on the cutoff point of 2.5 [40] . Individuals were identified as having diabetes if their HbA 1c was $6.5% [41] . Chronic inflammation was measured using CRP by latex-enhanced nephelometry and analyzed as a dichotomous variable based on the cutoff point of one suggesting clinically raised CRP [42] .
E. Covariates
Sociodemographic, lifestyle, and health-related characteristics were identified as a priori confounders for the hypothesized relationships based on the literature. Sociodemographic characteristics included age (in years; 18 to 24, 25 to 29, 30 to 34, 35 to 39, 40 to 44, 45 to 49, 50 to 54, 55 to 59, 60 to 64, 65 to 96, and 70 or older), race (Mexican American, other Hispanic, non-Hispanic white, non-Hispanic black, or other), education (less than high school, high school, and more than high school), marital status (married/living with partner or other), and poverty-income ratio (,100%, 100% to ,200%, and $200%).
Lifestyle and health-related factors were defined as smoking status (nonsmoker, exsmoker, or current smoker), alcohol consumption ($12 glasses in past 12 months) (yes or no), physical activity (walking/bicycling, tasks around home/yard, and moderate activity or vigorous activity in the past 30 days) (yes or no), and weight status [body mass index (BMI) categories]. BMI was calculated as weight (kilograms) divided by height squared (m 2 ) and categorized using to the World Health Organization definition as underweight/normal weight (,25 kg/m 2 ), overweight (25 to 29.9 kg/m 2 ), and obese ($30 kg/m 2 ). BMI categories for underweight and normal-weight participants were combined due to sample size limitations. BMI was identified as a measure of weight status and a potential confounder and/or effect modifier for the hypothesized relationships.
F. Statistical Analysis
All analyses were conducted using STATA version 15 (StataCorp, College Station, TX), and the NHANES recommended fasting sample weights for the period of 1999 to 2004. First, we summarized the sociodemographic, lifestyle, health, and cardiometabolic characteristics of the study population by weight status using means 6 SEM and median 6 interquartile range for continuous variables or frequencies and percentages for categorical variables. Second, we examined bivariate relationships between serum AMH levels and cardiometabolic characteristics by weight status. Third, we examined the relationship between continuous and categorical serum AMH levels and each of the selected cardiometabolic characteristics using multivariable logistic regression models with and without stratification by weight status. We adjusted for a priori confounders and considered weight status as a potential confounder and/or effect modifier. ORs were computed with 95% CIs using logistic (svy:logit) regression models, taking sampling weights into consideration. These weights were defined to represent the US civilian, noninstitutionalized population while accounting for oversampling of certain age and ethnic groups as well as interview nonresponse. In fully adjusted regression models that did not stratify by weight status, two-way interactions of AMH-by-BMI were evaluated to assess effect modification by weight status of the relationship between serum AMH levels and the selected outcomes. Two-sided statistical tests were performed at an a level of 0.05.
Results
The study sample consisted of up to 1063 eligible US men (356 underweight/normal weight, 409 overweight, and 298 obese) who participated in the 1999 to 2004 NHANES and had complete AMH data, with (mean 6 SEM) age of (42.9 6 0.7) years. As shown in Table 1 , there were no statistically significant differences in the study sample's distribution by weight status for most of the selected baseline characteristics including age, race/ethnicity, poverty-income ratio, smoking status, alcohol consumption, and physical activity. By contrast, higher BMI was significantly associated with lower educational attainment and greater likelihood of being married or living with a partner. As expected, a positive and noteworthy relationship was observed between weight status and MetS as well as several MetS components, including WC, TGs, HDL-C, hypertension, and hyperglycemia. Although study participants with higher BMI were significantly more likely to have HOMA-IR $2.5, no statistically significant relationships were found between BMI and diabetes or CRP. Finally, there were no remarkable differences between categorical BMI in terms of AMH levels, although a decreasing trend in AMH levels was observed when plotted against BMI using a locally weighted scatterplot smoothing curve (Table 1 and Table 2 presents the relationships between serum AMH levels and cardiometabolic characteristics in the overall study sample. When defined as a continuous variable or categorized based on cutoffs from the interquartile range, serum AMH level was not significantly related to the selected cardiometabolic characteristics in multivariable logistic regression models. However, these relationships appear to be dependent on BMI, as shown in Tables 3 and 4 . Table 3 displays the relationships between serum AMH level defined as a continuous variable and cardiometabolic characteristics by weight status. These BMI-stratified analyses were consistent with the overall analysis when the outcome of interest was MetS, TGs, HDL-C, hypertension, hyperglycemia, or CRP. By contrast, a significant AMH-by-BMI interaction (P , 0.0001) was observed in the context of WC, in which a significant and inverse relationship was observed between serum AMH level and likelihood of WC .40 inches among obese men alone [OR 0.95 (95% CI 0.91, 0.99); P 5 0.049; N 5 146]. Similarly, a significant and inverse relationship [OR 0.75 (95% CI 0.59, 0.93); P 5 0.011; N 5 193] was observed between serum AMH levels and diabetes (HbA 1c $6.5%) among overweight men alone. Finally, a direct and significant relationship was observed between serum AMH level and the likelihood of HOMA-IR $2.5 [OR 1.08 (95% CI 1.00, 1.15); P 5 0.046; N 5 146] among obese men alone. Table 4 displays the relationships between serum AMH level defined as a categorical variable (low, medium, and high) and cardiometabolic characteristics by BMI. Statistically significant AMH-by-BMI interactions were observed in the context of WC and diabetes. Consistent with the continuous outcome, a significant and inverse relationship was observed when comparing medium vs low serum AMH levels on the likelihood of diabetes among obese men [OR 0.19 (95% CI 0.043, 0.84); P 5 0.030; N 5 145] and when comparing high vs low serum AMH levels on the likelihood of diabetes among overweight men [OR 0.011 (95% CI 0.0004, 0.27); P 5 0.007; N 5 193].
Discussion
A. Key Findings
Using the 1999 to 2004 NHANES data, we examined the cross-sectional relationships between serum AMH levels and selected cardiometabolic characteristics among adult US men after taking into account weight status and adjusting for a range of potential confounders. Our analyses suggested that as serum AMH levels increased, the odds of abdominal obesity decreased, whereas the odds of insulin resistance increased among obese men. Moreover, as serum AMH levels increased, the odds of diabetes decreased among overweight and obese men; relationships that did not apply to men classified as under-or normal weight. Irrespective of weight status, serum AMH level was uncorrelated with other MetS components, including hypertension, HDL-C, TGs, hyperglycemia, or chronic inflammation. These findings suggest that serum AMH level may serve as a useful biomarker of protective benefits against diabetes as well as risk of insulin resistance, especially hyperinsulinemia, in the context of overweight and obesity. Although the positive relationship between serum AMH levels and insulin resistance and the absence of a similar relationship between AMH and the lipid profile may be counterintuitive, it is plausible that the decline in serum AMH level is a marker of aging, which is often accompanied by chronic disease development, including a decline in b-cell function, leading to onset of diabetes. Furthermore, the measure used to define diabetes (HbA 1c ) is determined by chronically high glucose levels, whereas the measures used to define insulin resistance (HOMA-IR) and lipid profile (HDL-C and TGs) were acutely evaluated. Given these differences, it is likely that the level of AMH is more strongly associated with chronic rather than acute biological phenomena. Additional studies are needed to validate these study findings.
B. Previous Studies: Literature Review
To date, a limited number of studies have examined the inverse relationship between AMH and obesity-related cardiometabolic disorders. In a cross-sectional study of men aged 22 to 61 years, Andersen et al. [30] reported an inverse relationship between BMI and serum AMH levels. A prospective cohort study of 43 severely obese men 20 to 59 years of age found that weight loss was linked to an increase in total sperm count, semen volume, and testosterone, SHBG, and AMH levels [31] . Unlike these two studies, we did not observe a considerable difference in serum AMH levels by BMI categories, although we did observe a decreasing trend in serum AMH levels by BMI. Inconsistent findings may be ascribed to differences in study design, populations, and sampling strategies. Current evidence implies that the relationship between serum AMH levels and cardiometabolic disorders may be bidirectional, with obesity affecting reproductive hormones, including AMH, and AMH potentially linked to cardiovascular disease. In a cross-sectional study of 1337 men between the ages of 18 and 60 years diagnosed with male factor or mixedfactor infertility, Ventimiglia et al. [43] reported an inverse relationship between MetS with serum AMH level as well as other sex hormone biomarkers, including total testosterone, SHBG, and inhibin B. In a cross-sectional study of 153 older adult men aged 54 to 93 years, Dennis et al. [6] found that, in the absence of vascular disorders, serum AMH levels were inversely correlated with the ultrasonographically determined distal and midinfrarenal aortal diameters, suggesting AMH may be a novel putative regulator of the cardiovascular system. Zhao and Schooling [33] conducted a large case-control study involving Mendelian randomization and found that genetically predicted AMH was inversely associated with coronary artery disease/myocardial infarction [OR 0.93 (95% CI 0.87, 0.99) per ng/mL log AMH].
Although our results suggested no noteworthy relationship between serum AMH levels and MetS components with the exception of WC among obese men, we found a consistent relationship between serum AMH levels and diabetes, a known risk factor for cardiovascular disease. It is plausible that serum AMH levels may correlate with other sex hormone biomarkers such as testosterone, estradiol, and SHBG, which have been linked to cardiometabolic risk factors such as type 1 and type 2 diabetes among men [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Because serum AMH levels are less prone to daily fluctuations than other sex hormones, it may be useful as a screening tool for cardiometabolic risk.
The link between AMH and diabetes and/or insulin resistance may operate through hypogonadism. Three categories of hypogonadism exist in men, including primary hypogonadism (testicular defects), secondary hypogonadism (hypothalamus/pituitary defects), and mixed hypogonadism (combination of the two) [54] . AMH is potentially an important marker for congenital secondary hypogonadism among adults and delayed puberty in adolescents [54] . In fact, around the time of puberty, Sertoli cells mature, whereas AMH levels decline due to an increased level of intratesticular testosterone, which inhibits AMH production [55] . The relationship between insulin resistance and hypogonadism, as reflected by free testosterone levels, is shown to be bidirectional among men. In fact, free testosterone is a marker for developing insulin resistance, MetS, and/or type 2 diabetes [54] , in which men who are hypogonadal appear to have increased risk for insulin resistance as measured by HOMA-IR and hyperglycemia [54] . Similarly, insulin resistance can suppress liver production of SHBG, resulting in increased levels of free T. Complex interrelationships among AMH, sex hormones, and cardiometabolic risk factors are presented in this study [56] .
C. Strengths and Limitations
This is a nationally representative cross-sectional study of US men to examine the evolving hypothesis linking serum AMH levels to cardiometabolic characteristics. With a relatively large sample, we were able to perform stratified analyses by weight status. However, study findings should be examined carefully and in light of several limitations. First, we retrospectively performed analyses of existing data that were collected for the purpose of public health surveillance and not for testing the hypotheses of interest in this study. Although NHANES is generally comprehensive in nature, not all NHANES participants had data collected on all NHANES components. In fact, subsamples were selected by NHANES staff to collect MEC data, and data available for each laboratory test were often conducted on a limited number of NHANES participants, with different sample sizes taken depending on whether the laboratory test was fasting or nonfasting. Of note, AMH level was determined among a subsample of 1999 to 2004 NHANES men with surplus biological samples available. Second, cross-sectional designs preclude the establishment of a temporal or causal relationship between the exposure and outcome of interest. For instance, it is not clear if AMH is protective against diabetes or if diabetes results in reduced AMH levels. Third, selection bias may have resulted from subsampling of the 1999 to 2004 NHANES participants based on the availability of exposure and outcome data. Despite the large initial sample, after applying eligibility criteria and subdividing the sample based on BMI, the comparisons groups were relatively small, and underweight men were underrepresented. It is worth noting, however, that smaller samples based on availability of exposure and outcome data did not differ on basic characteristics from the sample of men, $18 years. Therefore, selection bias, especially with regard to distribution by weight status, may not be problematic. Fourth, nondifferential misclassification is a plausible explanation and may have resulted in conservative measures of the association between the main exposure and outcome variables. Fifth, residual confounding may have biased the observed exposure-outcome relationships. Although we adjusted for established risk factors for cardiometabolic disorders, there may be other doi: 10.1210/js.2018-00414 | Journal of the Endocrine Society | 931 unobserved confounders at play. In particular, we were unable to adjust for serum FSH, an adipogenic gonadotropin that is inversely correlated with AMH, when examining the relationship between AMH and the cardiometabolic risk factors of interest because during these three waves of NHANES data collection (1999 to 2000, 2001 to 2002, and 2003 to 2004) , data on FSH were collected only among women, $35 years of age, whereas AMH data were collected on men. Finally, given the large number of outcomes and stratified analyses that can lead to multiple testing potentially necessitating adjustment for false discovery rate, the role of chance cannot be ruled out as an explanation for observed statistically significant results. Despite these limitations, this study is among the largest to have examined the hypothesized relationships between AMH and various cardiometabolic disorders.
D. Conclusions and Future Studies
In the context of overweight and obese adult men, serum AMH levels may be predictive of specific cardiometabolic characteristics, including WC, diabetes status, and insulin resistance. Prospective cohort studies are needed to evaluate serum AMH levels as well as genetic markers for AMH and their ability to predict future development of cardiometabolic disorders.
